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Production of Field-Reversed Configurations

With a Magnetized Coaxial Plasma Gun

T. R. Jarboe, T. Henins, H. W. Hnida, R. K. Linford,
Je« Marshall, D. A. Platts, A. R. Sherwaod

L.oa Alamos Scientific Lahoratory, lLos Alamos, New Mexico 87545

ARSTRACT

We have generated compact tnrolds whlich can be made to
come to reat In a cylindrical resistive flux conserver.
They are observed to rotate so that their major axis 1is
perpendicular  toe  the axis of the flux conscrver.
Subsequently they appear to remain stationary and decay
with a time conatant of about 100 usn. We have also
penerated  compact  torolds In an oblace geometry which
remalin allpned with the axis of the flux ¢onserver and
deecay with a time conntant of 150 uys.  The magnetie Field
recommection time for compact torold Format{cs (8 peadured

fn the latter ecase to be much shorter than the deeav time.

A compact torobd In a toraldal magnet fe plaama contaloment poometry, in
vhich no conductorn or eacuun chamber wallan pann through the hole (n the
torune Thia ITatter property could ecane the conateaints apon the conat ruet fon

and matnienanse of a4 reactor.s  For eoxample, (0 would allow the reacting planma

Wark nupported hy the Ue8s Department ol Faerpy,



to be translated. A compact t:.r:L! reuld contain both poloidal and toroidal
field components. Compact toroids created without the use of toroidal fianld

1-2 1hig paper recports the production nf

have been observed 1in experiments.
compact torolds with toroidal flall utili»ina in part a technique pioncered by
Alfven et a1.1 but extended by us to A higher temperature fully 1onized plasma
regime. TIn the prement experiment A aAnlennidal cell 1is placed inmide the
Inner electrode nf a coaxial plaama pun. This cell producea axial magnetic
fir1ld inuide the inner electrode which diverpes and bhecomes a largely radial
fleld in front of the gun muzzln. When the gun 1s fired, the emerging plasma
stretehes the radial field 1lines in the axial direction away from the Rgun.
Thear elonpated field 1ines reconnect behind the plasma forming the closged
polaldal field of the ecompact torof!, whil: ., =apnrtle field pgenerated hy
the gun current hecomes the emboddod toroidal field. The major axis of the
conpiact torold will then enincfde with the axis of the coaxial gun.

The lenpth of the coaxi1l sun used in our experiments (s 0.70 m, and its
Inner and onter olect rodes have radll of D10 m and NelS m reapectively.  Por
the reanlrs reported hore, the total ')? pas pufted into the pun with a Ffaat
valee [ 0.7% em? atree  About 150 s after the gan (8 puffed, the sun (s
energized with o A7=-p¥ capacltor hank charged te 45 &V Ahout 2 pyg after the
Intriatton of the dluean the ecnrrent peaks with a walue of D8 MA, and [t
reverses in aboul 4% pne The pum current has Tallen ta about me=third of
ftn peal value at 45 un when the plasma enrrent sheath  roaches the pun
muzzles  The pun abtorha almonr all of the fattial enerpy I the eapacitor
hank durine the tirat 20 pn of the dlacharges e addition of 4 mapnet e
"Hian" rleld hotween the g olectrodos parallel to the axis of the pun allows

[t to be operated with meh mmaller pan toada and makea the ean dluycharses

more reprddneih e,



"-i1qg *hi> magnctized plasma gun we have produced compact tornids in two
different flux conaervers. The firat 1S n stainless ateel cylinder vhich is
0.46 cm in diameter, 1.2 m long, and 1.6 mm thick. Both ends are open. This
cylinder 1a Aaligned tn he ecnaxial with the plasma gun, and it is placed 0N.13 m
from the muzzle. To make measurementa Iin this flux conserver we have employed
as diagnostics: magnetic prohes, spectroscoplc observation of CV radiation,
and an infrared interferometer. When the plasma emerges from the gun muzzle,
the magnetic probea scnae a disturbance which prnpagates at a velocity of
about ln6 m/s into the resistive Fflux conserving shell. For low values of
initial axial flux fneide the inner electrode of the pgun the plasma pushes the
plasma-mapnetic fleld configuration eompletaly through the shell and out the
other enii, whereas for hipgh finx values the eonfipjuration bharely leaves the
gun. F¥or an {intermediate value of 0,015 Wh, which waa used for the data
reported herny,  the disturbance propagacea  Into the flux  conserver and
exssrntially atopa; then, within the arcuracy of our meanurements, reconnectinn
occurs and the configuration remalns with little or no axial motion. The
caompact toroldn penerated in this flux conserver are observed to ratate mn
that the axis of the cempact torold Ia perpeadicular to the axla of the flux
comuerverd?  Seo Fige 1. Thia tipping has  been preticeted from a  SW
caleularion whirh wshows  that  prolate  compact torolds are unstable tn

5 After rotation the compact torold asgumen a racetrnck shape which

tipping.
fa oblate=1{kes Flpure ? showa the magnetic fleld on axls adl alwo on a
diameter at the midplane of the Flux eonnervere Thede data are consintent
with a ratated eompact torold where the quantition l1abeloed B, and Booare tuo
camponentn of the toroldal field and B, In the polofdal flelds The polofdal
flux can be ontimated from thene data to he two=thirdn of that which was put

on the pun fnltiallye  ¥lux loops placed m the outalde surface of rhe [lux

connervear nhow that the mot ton of the compact torofd reanfnn the same when he



Fln- 1.
Sehemaric of the compact torold®s posftions hefore and after its major azxia
rotates 000,
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internal probes are removed. However, the magnetic field decay time iIncreases
from 40 us to 100 us.

llaing a double-~pass 3.4-um YleNe iInterferometer we have determined that
the average density on a diameter at the midplare of the flux conserver is
about 10'%4/cm?. The time history of the density 1s similar to that of the
magnetic fields. We ohserve the existence of CV radiation for over 150 us 1if
all probes are removed, which implies that there are electron temperatures of
over 70 eV throughout much of the compact toroid“s life.

We have produced compact torolds when an initial axial magnetic "guide"
field was established within the cylindrical atainless steel flux conserver.
Tn the presence of this field the compact toroid was still nhserved to rotate
as described above. However, the characteristic decay time of the magnetic
fleld conflipuration was only 10-15 ps, 1.e., much shorter than comparahle
conditionas without the puide field. Ve speculate that the rapld destruction
in the guide field enzse I8 due to reconnaction of magnetic fleld linesa in the
high shear repglons which occur after the torofd rotates, opening prrviously
closed Tield 1ines.

In an attempt teo arabillze the tipplng of compart torofds produced by the
magnel tzed pun, we have penerated compact torolda In n second flux conserver
having an ohlate replon Incorporated in ita geometry. Thig flux connerver (s
msle of OJR-mu=thick copper, amd a eross section of {t Is nhown In Fip. T
The pliama from the magnet{zed pun s injectoed from the 1eft through the
0. Vh=m=dlameter entran e eylinder {uto the coniining reglone  With  thia
pgeomet ry  the  tipping no longer ocenrs and  the configuration {a atable
throughout g iflfe timee We also tried a 0046-m diameter entrance evlhndor
and Ffennd that the compact torofd st tippeds With the eltminat{fon of the
complication of tipping, three distinet time nealen omerge. The lrat

(~ 1 pm) tu the time required to FIID the Flux connerver with magnotle leld



and plasma. The second (~ 12 us) is the time for the decay of the fields in
the entrance cylinder. TFigure 4a shows this decay. We interpret this decay
as being due to fleld line reconnection which 1is completed 1in about 130 ua.
The third time (~ 150 ps) 1is the characteristic time for the decay of the
fields in the flux conserver measured after reconnection har oncurred.
Figure 4b shows this decay. It is interesting to observe that the three time

scales 1 us, 12 ys, and 150 us have the proper relatlve values to be an Alfven

time, a resistive tearing time, and a resistive decay time resPectively.6
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Fig- 4.

Plots of the axial component of the magnetic field on axis at various times.
Figure /4a shows plots at various times during the decay of the field in the
entrance cylinder. The time elapsed between plots 18 5 ua. Flgure 4b shows
plots .t various times during the decay of the compact toroid and the time
hetween plots here is 50 uys. The pun discharge 1is initiated at t=0 and the
plot labeled t=N ghows the value of the axial component of the magnetic field
in this region due to the coils which supply the 1nitial axial flux for the
plasma gun.

Figures 4b and 2a {llustrate the dramatic differences in the flelds on
the axis of the flux conserver for the stable and rotated toroid. Tf it does
not tip then one expects to have only “z on axis as 1is the case In Fig. 4b
(the peak transverse components are measured to be less than 15% of the peak
B, and are not shown). When the compact torold rotates 90? onc then expects
to have only tranaverse components on axis. Flp. 2a shows the tranaverse
componoents (nn ar.d B.) to be much larger than R,. Thus, the measurement of
all components of the mapgnetic Flelds on the axis of the Flux conserver {8 a
poverfu! means of determining the extent of tippingm.

CONCLUSTON
A compact toroldal plasma conflpuration Is penerated in a cylindrical

reslative Flux conderver uslng a mapgnetized coaxial plasma pun. If the

fnftial  poloidal fleld atrength  of  the magnetlzod pun s adjuated



appropriately the configuration is observed to stop within the flux conserver.
For a atralght cylindrical flux conserver the axis of the toroid is observed
to rotate so that it is orthogonal to the original axis of symmetry. After
this rotation, the deformed toroid appears to he MHD stable and decays away
with about a 100-ps time constant. CV radiation 1s cbserved throughout the
1ifetime of the magnetic field structure. Interferometric measurements show
an 1nitial value of about 1014 cm'3 and a liretime for the plasma density
similar to the magnetic field lifetime. When a compact torold is generated in
an oblate flux conserver under proper conditions it does not tip as verified
by the fact that the transverse fields on axis are small compared to the axial
field. 1In this statle case the reconnecting time (12 us) can he observed and
it 1is much shorter than the decay time of rtrhe fields of the compact toroid

(150 us).



2.

3.

4.

6.

REFERENCES
R. X. Linford, W. T. Armstreng, D. A. Platts, E. G. Sherwood, "Field
Reversal Experiments (¥RY)," Proc. Seventh Int. Conf. on Plasma
Phys. and Contr. Nucl. Fusion, TInnsbruck, 1978, Paper IAEA-CI'-37/S-1-~1,
Vol. iI, p. 447.
A. Eberhagen, W. Grossmann, Z. Phys. 248 (1971) 130.
R, Alfven et al, J. Nucl. Energy, Part C: Pl. Phys. 1, 116 (1960).
T. R. .Jarboe, 1. Henins, H. W. Hoida, .J. Marshall, D. A. Platts, and
A. R. Sherwood, "The Motion of a Compact Toroid Inside a Cylindrical Flux
Conserver," submitted to Phys. Rev. Lett., 1980.
M. N. Rosenbluth and M. N. Bussac, Nucl. Fusion 19, 489 (1979).
H. P. Furth, J. Killeen, and M. N. Rosenbluth, Phys. Fluids 6, 459

(1963).



